Recently near infrared spectroscopy (NIRS) has been introduced as a recording modality in brain-computer interface applications. For a NIRS-BCI, the change of oxy-Hb and deoxy-Hb concentration related to the level of brain activity is measured and then translated to act as a control signal for an external device. In this study, a prototypical portable system for brain signal measurement with NIRS has been designed and built. The NIRS sensor consists of a pair of light emitting diodes (LED) and a pair of photodiodes (PD) attached to a flexible black fabric. The LEDs emit light at wavelengths of about 770nm and 870nm, respectively. Reflected light is recorded by photodiodes at a defined distance from the LEDs and from the prefrontal skull area of a human subject. Anoximetry circuit connected to a Beagleboard, an embedded dual-core CPU developer's board, drives the sensor. Beagleboard is utilized to generate driver signals for the oximetry circuit, the analog-to-digital conversion and the signal collection. Collected signals are sent to a PC, where the signal is processed with MATLAB based signal-processing algorithms. The signals from the subject at rest and concentration conditions are processed to observe the fluctuations and trends of the signal. Based on the results, we claim that the system has the ability to discriminate between the recorded brain signals in two conditions that could be used as a control signal for a BCI.
Introduction
Reliable recording and interpreting of brain signals is one of the cornerstones of any type of a brain-computer interface (BCI). Generally, a BCI is a system that can control or communicate with a certain external device through direct utilization of brain signals, without using the normal human neural motor pathway. Near-Infrared Spectroscopy (NIRS) is one promising modality to acquire signals from the brain in a noninvasive way. The absorption spectrum in the nearinfrared wavelength forms a clear correlate for the change of oxy-Hb and deoxy-Hb concentration in the tissue, which in turn is related to the metabolic activity [2] . If measured in reflectance from the skull the absorption level is indicative to the brain activity. The changes in metabolism are then processed and translated to a command from the BCI in order to communicate with an external device [4] . We report in this work on the design and testing of a prototypical system for brain signal measurements based on NIRS. Each light absorbing molecule, or chromophore, has different absorption properties at specific wavelengths. Light wavelengths above 1300 nm are fully absorbed by water molecules and wavelengths below 700 nm are almost fully absorbed by hemoglobin [3] . The range between approximately 700 nm and 950 nm is said to be the"biological window" for non-invasive spectroscopy [2] .According to [4] , the favorable indication of cortical activation is a decrease in deoxyhemoglobin, particularly because this can be related to BOLD-fMRI data. An increase of oxyhemoglobin is also in line with cortical activation, but can also reflect increased blood pressure. For BCI, Hoshi [10] suggests the increase in oxyhemoglobin as a measure of cortical activation because of its higher amplitude. This has been used for BCI by several groups [2 , 3, 6] . 
Infrared Penetration and Detection
According to the study done by Tachtsidiset. al [4] the low range frequency, below 1 Hz, is the most important part of the NIRS measurement signal. Infrared light from a light emitting diode (LED) will penetrate through scalp, skull and brain and will be reflected in a characteristic, though idealized "banana" shape as shown in Figure 1 . Reflected light that has travelled through the brain can thus be collected by a photodiode (PD) on the scalp. This PD is separated from the LED by a distance called the interoptode distance (IOD). The IOD defines from which approximate depth the reflected light is collected. With a short IOD, only samples from shallow penetration depths are achieved, thus only from skin and bone perfusion. Information from the brain will not be captured. Larger IODs will allow greater penetration depth, but the attenuation will also be larger. If the attenuation is very large, the PD cannot detect any reflected light because most of the signal is absorbed by the tissues between the brain and PD. For this reason, it is important to determine the right IOD such that the light can travel inside the brain and the attenuation is minimized.
Based on previous studies, the best interoptode distance (IOD) is recommended to lie in the range of 2-7 cm [2] . In our sensor design two signals are measured from two different IODs, 2.3cm and 3.7cm ( Figure 2 ). The smaller IOD receives the light component that travels above the brain, and the larger IOD receives the light component that travels deeper, probing the brain. Therefore, the measured signal is composed of signal components from both above and inside the brain. To isolate the signal from within the brain, the signal from the larger IOD is subtracted by the signal from the smaller IOD.
System Setup
The system consists of a self-designed NIRS sensor, an oximetry circuit [9] , an embedded processor on a developer's kit called BeagleBoard [8] , a commercial analogto-digital converter (ADS1258EVM, Texas Instruments), and a computer. The NIRS sensor consists of a pair of light emitting diodes with center wavelengths of 770 and 870 nm, respectively. The LEDs are mounted along with a pair of photodiodes (PD) with a bandwidth of about 530 -1000 nm and peak sensitivity at 880nm to a flexible black fabric (Figure 2 ). The brain oximetry circuit consists of the LED and PD driver, amplifier, and filter. The Beagleboard is utilized to generate driver signals for the brain oximetry circuit andADS1258EVM. The Beagleboard also acts as system interface that is responsible for receiving the measurement data from the ADS1258EVM and sending it to the main PC. Inside the PC, the data is processed with MAT-LAB by applying a data conversion mechanism and a low-pass digital filter. The system flowchart is presented in Figure 3 .
BeagleBoard as Controller
The driver signals for the analog electronic board are generated on the BeagleBoard by output to its GPIO pins. The algorithm written in C is summarized in Figure 4 . The kernel module runs the main functions to trigger McBSP and DMA start and stop according to the settings mentioned above. Figure 5 shows these code components inside the kernel module.
Driver and Control Signal from BeagleBoard
The driver signal for the analog electronic board can be generated on the Beagleboard by writing a C-program to command the GPIO pins to produce output signals to feed to the analog electronic board. The algorithm for this Cprogram is summarized in Figure 4 . The expansion pin on the Beagleboard is associated with the assigned GPIO before it is connected to the start and input enable pins on the analog circuit board. The final kernel module is sent to the Beagleboard and used for measurement. The procedure to use this kernel module is summarized in Figure 5 . First, the module should be inserted into the kernel by the insmod command. The inserted module will start the McBSP and the DMA. With this operation, the Beagleboard will start sending control signal to the ADS1258EVM and start taking measurement data. The device driver can be created by using themknod command. After the file is created under the /devfolder, the measurement data can be written into the file with cat command. The file can now be sent to the PC via a serial port by using the sz command. The file also can be transferred to the main PC via a MicroSDCard or Ethernet connection if the set-up for Ethernet is established. 
Results
Signals for both wavelengths of 770nm and 870nm are recorded by predefined interleaving from the prefrontal brain area of a human subject. Results are obtained from measurements on the subject at both resting and subsequent concentration conditions. Focused concentration was achieved by requesting the subject to solve mathematical equations under time restrictions. Results for 4 sec under concentration conditions at both 770nm and 870 nm are shown in Figure 8 .Accompanying results for 4sec under resting conditions can be seen in Figure 9 . The signal for the resting condition at 770 nm tends to decrease with time while the signal obtained at the co centration condition at 770 nm tends to increase slightly with time. The signal at 870 nm does not follow the trend given by 770 nm. The signal for the rest condition at 870 nm fluctuates and does not show any clear trend, whereas the 870nm signal under the concentration c slightly decreases with time.
Conclusion
We report in this study on the development of a simple NIRS based device to optically measure brain signals. An electronic circuit previously described was improved to drive light emitting diodes and photodiodes housed as custom-built optical sensors. The system is mainly enabled by the BeagleBoard developer board, which uses a Texas Instruments OMAP3530 dual core processor. One core of this processor runs an open embedded Linux. The user can thus write programs on many Linux ating systems compatible with the embedded system on the BeagleBoard. With the presented program the Bea leBoard is ordered to send control signals to the optical sensor or to receive measurement data from the device's AD converter. Received data is saved into a file on the BeagleBoard and then sent to the computer for further processing with MATLAB.
As proof of principle the sensing system was used on the forehead of one subject staying at rest or perfo very focused mental calculations. No effort was taken to calibrate the sensor to a reliable brainStill, the resulting reflectance amplitudes show distinct behavior for both mental conditions. Since distinguishable We report in this study on the development of a simple NIRS based device to optically measure brain signals. An electronic circuit previously described was improved to photodiodes housed as built optical sensors. The system is mainly enabled by the BeagleBoard developer board, which uses a Texas Instruments OMAP3530 dual core processor. One core of this processor runs an open embedded Linux. The e programs on many Linux-based operating systems compatible with the embedded system on the BeagleBoard. With the presented program the BeagleBoard is ordered to send control signals to the optical sensor or to receive measurement data from the device's converter. Received data is saved into a file on the BeagleBoard and then sent to the computer for further As proof of principle the sensing system was used on the forehead of one subject staying at rest or performing mental calculations. No effort was taken to -oxygenation level. Still, the resulting reflectance amplitudes show distinct behavior for both mental conditions. Since distinguishable brain signals are the essential co tem, we conclude that our simple NIRS system under the resting/strained paradigm may very well be used for a real BCI system.
